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INTRODUCTION 
Plant leaves are believed to be the most remarkable contributor 
to today's human civilization, since they have provided not only a 
comfortable atmosphere with its abundant oxygen, but also energy in a 
form readily available for human activities. The integration of pro­
ductivity for individual leaves may be regarded as the total produc­
tivity of a plant or crop canopy. Accordingly, it is logical to 
attempt yield increase projects which focus on the improvement of leaf 
productivity. Most of the increase in crop yield through breeding 
efforts has been achieved by controlling photosynthate partitioning in 
time"and space (Gifford et al., 1984). Breeding for high photosynthetic 
capacity remains a major challenge. 
Besides productivity, efficiency of production is very important. 
Transpiration is often directly correlated with productivity. 
Transpiration is related to nutrient absorption and may also be signifi­
cant as an "air conditioner" for proper functioning of leaf metabolism. 
Hence, increasing water use efficiency through reduction of transpira­
tion may result in lower dry matter yield. But transpiration that 
exceeds the physiological demand for optimum growth, often forced by 
atmospheric conditions and the size of the transpiring surface, could be 
subject to artificial control for high yield performance. Therefore, 
it is important to know how plants balance the size and efficiency of 
systems with respect to their productivity. 
In nature, it has often been observed that sun-grown, thick leaves 
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are capable of greater CO^ uptake than shade-grown leaves. Within the 
same tree, sun-lit leaves may be thick and shade leaves thin. If 
natural selection leads to leaves having combinations of form and func­
tion optimal for growth and reproduction in their climate, selecting 
for leaf thickness may result in higher yield under field conditions. 
It is often an expensive and time-consuming job to breed a crop 
species with desirable characters and test their performance in prac­
tice. Alternatively, a model based on verified fundamentals can pro­
vide a convenient and less expensive bridge between theory and reality. 
The more complex the systems under consideration, the more powerful the 
model simulation will be as a research tool. 
The general objective of this work was to quantitatively define 
potential effects of leaf thickness on leaf performance under a 
full range of natural conditions. Based on a review of the literature 
concerning leaf thickness, a leaf thickness term was incorporated into 
an ecosystem model that was comprised of leaf energy balance and photo­
synthesis elements. This model was used to simulate the effects of 
thickness under selected sets of climatic data. The emphasis was 
directed toward defining the implications of leaf thickness and its 
interaction with stomatal resistance on photosynthetic water use 
efficiency. Although the procedure was entirely theoretical, experi­
mental data were collected to test the validity of the model and to 
evaluate the simulation results. 
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LITERATURE REVIEW 
Several morphological characteristics of plant leaves have long 
been a subject of crop improvement studies. Positive correlations 
between specific leaf weight (SLW) and maximum photosynthetic rate per 
unit leaf area have been reported for forage crops (Pearce et al., 
1969; Carlson et al., 1981), and soybeans (Dornhoff and Shibles, 1970; 
1976; Sinclair, 1980). Buxton and Stapleton (cited in Pegelow et al., 
1977) described a cotton-leaf model in which the superokra leaf shape 
was predicted to have a photosynthetic advantage over the normal leaf 
shape, when considered by unit leaf area. They, however, found no evi­
dence of leaf type effect on canopy water use efficiency. Near-isogenic 
lines were used in their cotton experiment. 
In soybeans, there are also several isogenic strains that differ 
in morphological characteristics (R. Palmer, Dept. of Agronomy, Iowa 
State University, Ames, lA, personal communication). Baldocchi et al. 
(1983) compared two isogenic soybean lines differing in pubescence 
density, and found higher water use efficiency in the highly pubescent 
line. 
Leaf shape and size optimization has been attempted by ecologists 
with respect to adaptive attributes in natural habitats (Taylor, 1971; 
1975; Parkhurst and Loucks, 1972; Givnish and Vermeij, 1976). Thermal 
survival and net photosynthesis were suggested by some workers to be 
of prime adaptive significance (Taylor, 1971; Taylor and Sexton, 1972). 
Others have suggested that efficiency of photosynthesis with respect to 
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water use may be primary (Parkhurst and Loucks, 1972; Givnish and 
Vermeij, 1976). The role of leaf thickness has also been considered in 
a few of these works (Taylor, 1971; Parkhurst, 1977). These investi­
gators applied accurate simulations of energy and mass exchange, which 
utilize basic theories of physics, to biological studies. 
Mass and energy exchange at the leaf has been expressed as a com­
bination of energy balance equations and photosynthesis models. Owing 
to the physical nature of the energy exchange between the leaf and its 
environment, a standard energy balance approach may be applied with 
sufficient accuracy for most problems in ecology (Gates, 1980). On 
the other hand, the biological complexity of photosynthesis appears to 
have precluded the establishment of any standard model. Pick's first 
law and an Ohm's law analogy have facilitated the development of numer­
ous models for ecological, physiological, and agricultural purposes 
(reviewed in Tenhunen et al., 1980). However, most simulation studies 
that consider leaf size and shape have used the simplified photo­
synthesis models. 
The potential importance of leaf thickness in a photosynthesis 
model has been recognized by several workers (Taylor, 1971; Charles-
Edwards and Ludwig, 1975; Sinclair et al., 1977; Nobel, 1980; Parkhurst, 
1984); it, however, remains difficult to define the effects of thickness 
based on consensus. Furthermore, most conventional models are based 
on a two-dimensional resistance network or analogy of enzyme kinetics. 
These modeling efforts have largely been directed toward the combining 
of the diffusion processes with biochemical reactions. As a result, a 
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concept of biochemical (or carboxylation) resistance became popular in 
many models (Horie, 1980; Gary, 1977; von Caemmerer and Farquhar, 1981). 
Additionally, various Michaelis-Menten type pseudo-constants have been 
suggested that imply a range in the quality of photosynthetic apparatus 
among species (Tenhunen et al., 1980). These apparent oversimplifica­
tions may, I feel, prohibit further consideration of leaf thickness. 
The recent so-called mechanistic approach in photosynthesis model­
ing (Charles-Edwards, 1981; Sharpe, 1983) may be better suited to evalu­
ation of leaf thickness than are the older empirical models used in 
ecology. These newer methods use established theories (or feasible 
hypotheses) at a lower level than thickness (e.g., unit volume of 
chlorenchyma tissue); therefore, potential effects of thickness may 
appropriately be considered using this latter approach. 
Potential thickness effects have been studied with respect to two 
major physiological processes: transpiration and photosynthesis. Two 
major opposing hypotheses existed before mid-1970s concerning the 
thickness effect on transpiration: first, that there is a significant 
mesophyll cell wall effect on transpiration; and second, that cell wall 
effects have no measurable influence on transpiration. Turrell (1944) 
suggested that a leaf with a large internal surface would have higher 
transpiration rate per unit external area than one with a small internal 
surface. He reported a correlation between transpiration rate and the 
ratio of internal surface to external leaf area (Turrell, 1965). 
Jarvis and Slatyer (1970) indicated that the water vapor pressure at 
the mesophyll cell surface in cotton plants was significantly below 
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saturation and computed a cell wall resistance value exceeding 200 
s/m. Slavik (1975) reported a significant discrepancy between 
measured and calculated transpiration rates for tobacco leaves when the 
air humidity was decreased. Most other workers have neglected cell 
wall resistance to transpiration, considering it to be insignificant 
under commonly occurring field conditions (Farquhar and Raschke, 1978; 
Jones and Higgs, 1980). It has been demonstrated that much, if not 
most, of the transpired water evaporates from the inner sides of guard 
cell and adjacent subsidiary cells in a few species (Tyree and 
Yianoulis, 1980; Crowdy and Tanton, 1972). However, walls of the meso-
phyll cells may be the origin of significant amount of water transpired 
from the leaf for certain species and conditions (Burbano et al., 
1976). Under conditions where saturated conditions exist within the 
mesophyll and increase in leaf thickness would not directly influence 
transpiration rate, water loss would be primarily determined by the 
stomatal apparatus as described by Galston et al. (1980). 
Positive correlation between maximum photosynthetic rate and leaf 
thickness has been reported (Pieters, 1960; McClendon, 1962; Dornhoff 
and Shibles, 1975; Boardman, 1977; Nobel, 1977; Tyree and Yianoulis, 
1980). But they differ in interpreting the mechanism of increased pho­
tosynthesis. Sinclair et al. (1977) postulated that the increased photo­
synthesis was related to the amount of carboxylating enzymes per unit 
of leaf surface, which he assumed to increase proportionately with 
thickness of the leaves. Sun leaves have the much greater ratio of 
soluble protein to unit leaf area, while showing little difference in 
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photosynthetic unit size (the ratio of chlorophyll to P700) (Boardman, 
1977). McMillen and McClendon (1983) reported a near constant amount 
of enzymes per unit leaf fresh weight in several sun and shade grown 
tree species. Farquhar et al. (1980) and Bjorkman (1981) pointed out 
that an increase in the mesophyll cell area is usually associated with 
increases in photosynthetic enzymes and electron carriers, which they 
consider as primarily responsible for the increased photosynthesis. 
They regarded the role of cell surface area as necessary for increasing 
the leaf enzyme content and that the increased area does not directly 
contribute to enhanced gas exchange. Nobel (1980), however, credited 
the increase in net'photosynthesis of sun leaves to the increase of 
the mesophyll cell surface area exposed to the intercellular air space. 
He considered the diffusion path resistances in liquid phase to be much 
greater than that in the gas phase, and concluded that a large internal 
surface would be expected to have a significant effect on CO^ uptake 
rate per unit leaf area (according to an Ohm's law analogy). Raven and 
Glidewell (1981) suggested that increased capacity of CO^ fixation in 
plants with thicker leaves might be due to shorter liquid phase 
diffusion distance. They postulated that since the primary carboxylat-
ing enzyme, RuBP carboxylase/oxygenase (Rubisco), has high molecular 
weight (530,000) and low specific activity, the distribution and 
activity of this enzyme might be locally restricted in mesophyll cells. 
In case of increased mesophyll cell surface, Rubisco could be dis­
tributed in a very large and thin layer around the cell periphery, 
thereby shortening the diffusion distance. 
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The potential significance of internal surface area, however, has 
often been denied by biochemists, based on carbon isotope discrimina­
tion experiments (Bjorkman, 1981). Some biochemically oriented models 
neglect the existence of mesophyll resistance (Farquhar et al., 1980; 
Farquhar and Sharkey, 1982). Longstreth and Nobel (1979) induced 
development of greater internal surface area by increasing salinity of 
the growth medium, but no increase in photosynthetic rate was observed. 
They indicated that increased thickness compensated, to some extent, 
for decreased biochemical activity per unit cell volume due to high 
salinity. 
Lugg and Sinclair (1980) investigated seasonal changes in SLW of 
soybean leaves together with other morphological and anatomical 
features (leaf area, thickness, etc.). They found that leaf thickening 
was largely the result of concurrent thickening of mesophyll tissues. 
The maximum thickness was observed much later than full expansion of 
the leaf area. Sinclair (1980) attributed the increasing net photo­
synthesis during the first few weeks after the full expansion to in­
creasing leaf weight. 
Bunce et al. (1977) examined changes in various physiological and 
anatomical factors during light acclimation process in soybean plants. 
They reported that changes in photosynthesis, leaf anatomy, stomatal 
conductance, leaf water potential, photosynthetic unit size, and 
glycolate oxydase activity occurred upon altering the light environ­
ment, and were completed within 24 hours, even after full expansion. 
But chlorophyll content, numbers of photosynthetic units, and SLW 
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showed slower changes. They concluded that differences in photo-
synthetic rates at high light were accounted for by internal surface 
area differences. Photosynthetically active radiation (PAR) was con­
sidered to be a major stimulus for thickness induction in this experi­
ment. 
Nobel and Hartsock (1981) suggested that intensity and duration 
of PAR are important to induction of thickening. Nobel and his 
associates intensively studied the relationship between photosynthetic 
characteristics and leaf anatomy of Plectranthus parviflorus. They 
suggested the ratio of mesophyll cell surface area to leaf area (A™/A) 
as a measure of photosynthetic capacity per unit leaf area (Nobel et 
al., 1975; Nobel, 1977; Nobel and Hartsock, 1981). Longstreth et al. 
(1980) attributed high photosynthetic rates in several species to 
low cellular resistance and the unusually high CO^ uptake rate of the 
Cg Cammissonia claviformis to a combination of the high A™/A and low 
stomatal resistance. 
McMillen and McClendon (1983), under conditions of light satura­
tion, reported higher photosynthesis per unit chlorophyll in thick 
leaves, but the same rate per unit leaf fresh weight or unit protein in 
both thick and thin leaves. Because there was no observable change in 
the amount of enzymes per unit fresh weight as leaves became thicker, 
the increased photosynthetic rate was assumed to be related to the 
fresh weight per unit leaf area (density thickness). 
Nobel (1980) showed by model computation that the increase in 
water use efficiency for Plectranthus parviflorus as PAR was raised 
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was strongly related to the enhanced internal leaf area. McMillen 
and McClendon (1983) suggested that if the water loss is a function 
of leaf surface area and the photosynthetic rate is a function of 
thickness, the efficiency of leaves should be related to their thick­
ness. Smith and Nobel (1978) evaluated seasonal changes in leaf 
morphology of the desert perennial shrub Encelia farlnosa and found 
that high irradiance during the development led to leaves with a high 
A™/A and thick pubescent layer. From this result, they suggested that 
for a given water vapor resistance, the tendency to develop smaller 
leaves with a greater internal surface area would lead to increase in 
water use efficiency in the highly irradiated environment. 
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MODELING PROCEDURE 
Effect of Thickness on Energy Balance 
Leaf thickness may directly or indirectly influence the exchange of 
energy at the leaf. Since this study compares leaves of various thick­
nesses, these effects were evaluated and appropriate modifications of 
classical leaf energy balance equations were considered. Any change in 
heat storage as influenced by leaf thickness was neglected, assuming 
that this study shall be conducted under the "steady state" (see 
Appendix A). 
Thickness may affect the optical properties of a leaf. The solar 
spectrum emitted from the surface of a blackbody at 6000 C is abundant 
in near-infrared (700-3000 nm) region (Figure 1). Plant leaves utilize 
visible wavelengths for photosynthesis. If they absorbed most of the 
incident solar radiation regardless of wavelength, they would be in 
danger of protein denaturation (Gates, 1980). Fortunately, the total 
amount of absorbed radiation is determined by the leaf absorptivity as 
well as the radiation intensity, and most leaves have rather low 
absorptivity in the near-infrared. Leaves with multi-absorptances 
high in visible but low in near-infrared wavelengths are commonly ob­
served and may be the result of an energy balance adaptation (Figure 2). 
Possible effects of thickness on leaf optical properties are therefore 
important as a consideration in the energy balance. Allen and 
Richardson (1968, cited in Gates, 1980) measured the reflectance and 
transmittance of mature cotton leaves singly and stacked up to 8 leaves. 
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(935 W m~2) as a function of wavelength (from Gates, 
1980) 
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Figure 2. Spectral properties of a cottonwood leaf as a function of 
wavenumber (from Gates, 1980) 
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The result was no difference in absorptance of near-infrared between a 
single and stacked leaves. Wooley (1971) reported a similar absorp­
tance pattern in the near-infrared using soybean and corn leaves. 
In the visible wavelength region, the reflectance was virtually 
the same regardless of the thickness, while he found the transmittance 
was reduced in stacked soybean leaves. But there was little trans­
mittance difference between thin (0.17 mm) and thick (0.26 mm) corn 
leaves. Even in the 4 stacked leaves, the effect in transmittance may 
be negligible because there is so little energy transmitted by a 
single, thin leaf and the corresponding increase in the total absorbed 
radiation is less than 2% of total (Appendix B). 
The average absorptance of plant leaves in far-infrared (>3000 nm) 
is near 1.0 regardless of leaf thickness (within the physiological 
range of thickness), because leaf material (primarily water) is very 
absorptive at long wavelengths. Therefore, overall thickness effect 
on optical properties may be insignificant in practice. 
The amount of water vapor evaporating from a leaf is important in 
the energy balance, and could be influenced by thickness depending on 
viewpoint (Jarvis and Slatyer, 1970; Farquhar and Raschke, 1978). In 
this modeling effort, it was assumed that environmental and biological 
parameters were within the limits that would render internal (mesophyll) 
resistances to the diffusion of water vapor negligible. That is, the 
intercellular air space was assumed to be saturated with water vapor 
at the leaf temperature. Therefore, the transpiration rate is not con­
sidered to be influenced by increased leaf thickness. 
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Based on the foregoing, I decided to apply the standard energy 
balance equations to the "leaves with thickness" without modification. 
This means thick leaves would have the same leaf temperature (T^) and 
transpiration rate (TSP) as thin leaves, provided environmental factors 
and other leaf characteristics remain the same. 
Effect of Thickness on Photosynthesis 
If we assume the same CO^ fixing capacity per unit of photosynthetic 
machinery within the plant species (with the same degree of acclimation 
or adaptation to their climate), any variation in maximum photosynthesis 
(per unit leaf area) would depend on the amount of photosynthetic 
machinery inside each leaf. Here, the term "thickness" means the 
measure of photosynthetic machinery per unit leaf area. In practice, 
the relationship of the thickness to the quantity of photosynthetic 
machinery is not easy to determine. 
Other methods for estimating the amount of photosynthetic machinery 
were less suitable. The SLW is not directly useful in determining 
volume, as it includes nonchlorenchyma such as stored carbohydrates. 
The density thickness (fresh weight per unit leaf area) includes leaf 
water content, which is subject to drastic change according to physio­
logical status and leaf ontogeny. Mesophyll thickness includes the 
intercellular air space which is variable depending on the shape, size, 
and packing mode of cells. The width of leaf cross section or leaf 
volume includes the air as well as nonchlorenchyma tissues and can vary 
even with time of the day. The internal leaf surface area is hard to 
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measure with sufficient accuracy and convenience. 
In this study, a mesophyll cell was regarded as the smallest photo-
synthetic unit. Since photosynthesis of intact leaves is an integrated 
activity involving numerous metabolic processes taking place in organ­
elles within individual cells, it is unreasonable to differentiate the 
unit of photosynthetic machinery to a lower level (such as the amount 
of a specific enzyme or chlorophyll). Increase in mesophyll tissue 
volume seems to be a prime cause of leaf thickening (Lugg and Sinclair, 
1980), and any volume change is accompanied by some change in surface 
area. Accordingly, we may express leaf thickness in terms of mesophyll 
volume and of surface area. 
The gas exchange at the leaf may be influenced by leaf mass rather 
than strictly by internal area. To the extent that the absorption of 
nutrients at the root is not strictly area dependent (Russell, 1977), 
the gas exchange at the leaf may be analogous. For example, it has 
commonly been assumed that the surface area of roots is the most rele­
vant parameter representing the ability to absorb nutrients. This view 
is correct as long as the absorption process is passive diffusion. How­
ever, it is now evident that when the external nutrient concentration 
is similar over the entire root surface, the absorption ability varies 
more closely with the volume of root tissues (Russell, 1977). Let me 
imagine an analogy between the mesophyll cells submerged in a fluid 
containing COg and the root tissues surrounded by a nutrient solution. 
It is reasonable to relate both passive diffusion and active biochemi­
cal reactions to cell surface area and volume. 
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Accepting this assumption, there are two possible ways to express 
the change in photosynthetic capacity due to the change in the thick­
ness. First, if there is no change in the amount of true photosynthetic 
machinery as a leaf thickens, that is, if dilution of photosynthetic 
enzymes and photochemical apparatus occurs as Raven and Glidewell (1981) 
speculated, the only benefit from the leaf thickening will be reduction 
in the diffusion portion of the resistance term. Secondly, if the 
amount of photosynthetic machinery is directly proportional to the 
leaf thickness, the increased mesophyll surface area would provide more 
sites for gas diffusion, as in the previous case, and further, increased 
mesophyll volume would provide a greater sink for CO2. 
For the two cases above, methods for estimating the mesophyll 
cell surface area per unit leaf area (area ratio = AR) and mesophyll 
cell volume per unit leaf area (volume ratio = VR) were applied to 
relate these factors to leaf thickness. The methods used are described 
below (see Experimental Procedure). If I formulate a leaf photo­
synthesis model relevant to each case, the AR based simulation may be 
expected to show the minimum effect of leaf thickness, and the AR-VR 
based simulation the maximum effect. The latter accommodates both the 
diffusion process and the biochemical implications. The actual photo­
synthetic response is expected to reside at or between the two extremes. 
In the models considered below, it is assumed that net photosynthe­
sis is equivalent to net CO^ assimilation. Accordingly, the so-called 
"dark respiration" becomes an important factor in the determination of 
the final photosynthetic (CO2) gain. Dark respiration of mature leaves 
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has been assumed to result only from maintenance and to depend roughly 
on the amount of enzyme, not on the bulk volume of cells (Penning de 
Vries, 1975). Therefore, any change in dark respiration due to leaf 
thickness was considered in the AR-VR combination model only. 
Using the model developed below, calculation of photosynthetic 
rate is possible only when the PAR distribution inside the leaf is de­
fined because photon arrival at the cell surface is critical. Accord­
ing to the Beer-Lambert law, we can expect that there exists some 
photon flux gradient inside the leaf. But, it is impractical to 
measure photosynthetic photon flux density (PPFD) inside leaves. All 
radiation inside the leaf was assumed to be diffuse due to the numerous 
cell organelles, membranes, and other materials (Gates, 1980). Although 
some investigators (Charles-Edwards, 1981) have accounted for the 
extinction of light with leaf thickness, the model developed here used 
a different assumption. It was assumed that leaves, when adapted to 
the energy environment in which they are growing, are thick enough to 
utilize available radiation but not so thick that the lowermost cells 
are less than sufficiently illuminated. I, therefore, assumed that 
each cell received the same PPFD as every other cell for both thick and 
thin leaves, for the range of thickness considered. 
Model Development 
The model consists of energy balance and metabolic procedures 
which are sequentially interrelated (Figure 3 and Appendix C). The 
energy balance equation uses environmental and leaf data. Leaf 
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AND THICKNESS 
QABS WIND RH TA 
Figure 3. Model structural diagrasi; an energy balance model was linked 
together with a metabolic model for CO2 assimilation; pro­
posed leaf thickness factors that influence the simultaneous 
solution of the linked models were evaluated according to 
metabolic and water use responses 
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temperature (T^) and the transpiration rate (TSP) are the calculated 
output. Calculated and TSP values are transferred to the leaf 
photosynthesis submodel. The formula used for the leaf energy balance 
equation came from Gates (1980), as given below. 
4 y r so(T ) - RH sp(T ) 
Qabs = EOT + K1(-)'\T -T ) + L' % (1) 
L D L A ^ + K2 /V'^^ 
s 
where : 
2 Qabs is total absorbed radiation (W/m ); 
T^ is the leaf temperature (K); 
is the air temperature (K); 
V is the air speed (m/s); 
a is the Stefan-Boltzmann constant (5.67x10 ^  W/m^ K^); 
E is the thermal emissivity of leaf (.94 - 1.0); 
RH is relative humidity (0 - 1.0); 
L' is the latent heat of water evaporation; 
r^ is the stomatal resistance to water diffusion (s/m); 
D is the leaf characteristic dimension (m); 
W is the leaf dimension perpendicular to D (m) ; 
sp(T^) is the saturation density of water vapor at the leaf tempera-
3 
ture (kg/m ) ; 
sp(T^) is the saturation density of water vapor at the air tempera-
3 
ture (kg/m ); 
K1 is the convection coefficient (11.31 when W is 0.05 or less 
and 6.98 when greater than 0.05); and 
K2 is the boundary layer coefficient (156 when W is 0.05 or 
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less and 210 when W is greater than 0.05). 
The photosynthesis submodel used is a pseudo-mechanistic expres­
sion of the competition between CO^ and 0^ for enzyme Rubisco adapted 
from the basic structure given by Charles-Edwards (1981). His model 
leaf consisted of a simplified description of an agglomeration of 
chlorenchyma tissues surrounded by a porous membrane, which is con­
sistent with the assumptions germane to my analysis. The model given 
by Charles-Edwards was modified in a manner suggested in the original 
book to yield the following expression for C^ plants (see Appendix D). 
PSN = [-b + (b^ - 4ac)°'^]/2a (2) 
where ; 
a is -k^ (g^  + 
b is al + k^C - (Rj - al)k^ (g^ + 8^)8^8^: 
c is R^(al + k^C) - aI(k^C - k^O); 
2 
PSN is the net rate of photosynthesis per unit leaf area (g/m ); 
3 
C is ambient carbon dioxide concentration (g/m ); 
3 0 is ambient oxygen concentration (g/m ); 
1 is the photosynthetic irradiance incident on the leaf surface 
(W/m^); 
a is 
^1 
is 
k^ is 
^^d is 
8s is 
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boundary layer, stomatal, and intercellular air space (s/m); 
and 
is the mesophyll conductance to CO^ diffusion (s/m). 
Initial values for the terms of equation 2 were selected as follows: 
3 
C was assigned the value of 0.62 g/m (the normal atmospheric value 
equivalent to 340 ppm), 0 was also set at the atmospheric mean value, 
3 276 g/m (equivalent to 21%). The value was taken from Figure 4 in 
Sharpe (1983) with appropriate unit conversion. The values for a, k^, 
and k^ were modified somewhat from those given by Charles-Edwards 
(1981), according to the "fitting" technique he suggested. The values 
were derived from fitting the model to the temperate adapted example 
(Figure 4; Sharpe, 1983). The values were: a, 1.2x10 ^ g/J; k^, 
-3 -6 
3.3x10 m/s; k2> 6.9x10 m/s all at 30 C. Value used for g^ ranged 
from 150 - 1800 s/m in agreement with values found experimentally in 
the growth chamber portion of this study. The g^ term was assigned 
values based on anatomical leaf parameters. 
The anatomical parameters AR and VR are introduced into equation 2 
as modifications of the g , k^, k„, and R, terms. To consider the 
m l /  a  
case of cell surface area increase (without an increase of photo-
synthetic machinery), only the g^ term is modified. This modification 
is made by defining the g^ term as the product of AR and the liquid 
phase diffusive conductance per unit cell surface, (Figure 4). In 
his original formula, Charles-Edwards (1981) suggested 4.8x10 ^ m/s 
as an average value of g . Since the g is an expression of the liquid 
m m 
phase conductance per unit leaf surface, the g^ can be obtained from the 
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Figure 4. Resistances affecting water vapor and carbon dioxide fluxes, 
as incorporated into the model 
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g divided by AR (see p. 423, Nobel, 1983). If we assume that the AR 
m 
of a normal leaf is 14 as was estimated through the validation experi­
ment below (see Results and Discussion), the is calculated as 
-4 
3.43x10 m/s. The range found for AR was 7 to 28. For the second 
case, where the size of the CO^ sink as well as the surface area in­
creases as a leaf thickens, the three photosynthetic parameters, R^, 
k^, and k^, are modified in addition to the modification of the g^ 
term. This modification is made by multiplying these parameters with 
the ratio of VR to that of a normal leaf. A value of 30.0 was 
selected as normal and ratios ranged from 0.5 to 2.0 as determined 
empirically in this study and described in Results and Discussion, 
below. 
The intent of this study is to emphasize environmental effects; 
therefore, temperature response of the photosynthesis model becomes 
critical to the results. Since the simulation is to deal with a wide 
range of environmental conditions, the initial values of the terms 
used in equation 2 are not sufficient as they represent values at 30 C 
only. A modified Arrhenius equation was used to express the tempera­
ture response of this model. The general formula used for reaction 
rates based on thermal activation and inactivation of enzymes, and 
thermal stability of membrane structure presented by Schoolfield et al. 
(1981) is given below. 
-f- exp[|(^  - ^ )] 
1 + exp[^ (^  - i)] + exp[^ (i - ^ )] 
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where: 
r(T) is the rate constant of a chemical reaction at temperature 
T(s"^); 
r is an observed reaction rate at temperature T assuming no 
o o 
-1 
enzyme inactivation (s ); 
T is a reference temperature (K); 
o 
H is the enthalpy of activation (cal/mol); 
HL is the change in enthalpy associated with low temperature in­
activation (cal/mol); 
HH is the change in enthalpy associated with high temperature 
inactivation (cal/mol); 
TL is the low temperature at which the process is one half 
inactive (K); 
TH is the high temperature at which the process is one half 
inactive (K); and 
R is the gas constant (1.987 cal/mol K). 
This formula was used to calculate temperature response for photo-
systems I and II, carboxylation, oxygenation, and dark respiration 
using the parameters provided by Sharpe (1983) (Table 1). A few 
values in the table were slightly modified to fit for the experimental 
data mentioned later. Although the processes selected here cannot 
explain every facet of photosynthesis, they are expected to represent 
potential effects on major processes and, when integrated, show a 
realistic response of net photosynthesis to temperature. 
The values of r(T) were incorporated into the photosynthesis 
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Table 1. Numerical estimates of the parameters for photosynthetic 
temperature response function (adapted from Sharpe, 1983) 
PS II PS I^ Rubisco Rg Unit 
HL -60 0 -40 0 kcal/mol 
HH 100 100 100 90 kcal/mol 
TL 275 273 288 273 K 
TH 315 319 328 323 K 
H 20.2 13.0 8.0 kcal/mol 
(carboxylation) 
27.0 
(oxygenation) 
^Values estimated from Bjorkman et al. (1980). 
submodel (equation 2) as follows; equation 3 was solved using the 
value from Table 1 and the result (r(T)) was substituted for the value 
of in equation 2. This was repeated for each temperature considered. 
Equation 3 was then solved for each selected temperature using the 
values for Rubisco (carboxylation) in Table 1 and the result substi­
tuted for in equation 2. Similarly the solution using the Rubisco 
(oxygenation) values were substituted for k2- Finally, equation 3 was 
solved for PS I and PS II and products of the r(T) resultant were 
_5 
multiplied by 1.2x10 and substituted into equation 2 in place of the 
original value. 
Some of the typical response curves generated from this equation 
are given in Figures 5 and 6. The overall shape of the CO^ uptake 
response is given in Figure 7. By eliminating photorespiration (define 
0 as zero in equation 2), the model showed good agreement with observa­
tions by Pearcy et al. (1981) for the plant Amaranthus sp. at 
27 
mg/m2 s 
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Figure 5. Computed response of photosystem II activity and dark 
respiration to leaf temperature used in the model 
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inverse of temperature; the slope of each curve depends on 
the activation energy 
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Figure 7. Apparent photosynthesis of the model leaf as a function of 
leaf temperature and irradiance 
30 
both high and low temperatures, when compared to temperature response 
of the plant Chenopodium sp. 
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MODEL VALIDATION 
Experimental Procedure 
Materials and methods 
Soybean [Glycine max (L.) Merr. cv. Amsoy] seeds were planted in 
15-cm diameter pots filled with an equal mixture of Perlite, Canadian 
peat moss, and Iowa farm soil (Webster loam; fine-loamy, mixed, mesic 
Typic Haplaquoll) by volume. Planting density was thinned to one 
plant per pot when unifoliolate leaves were about to expand (VC stage). 
Plants were grown in a reach-in chamber which was controlled to 
temperatures of 26 C in the light and 20 C in the dark with a 16/8 
-2 -1 photoperiod. The PPFD of 400 uE m s from a mixture of cool-white 
fluorescent and incandescent lamps was measured on top of the pots. 
Chamber lights were positioned above a thermal barrier. Plants were 
watered twice per day with a modified Hoagland's solution (Berry, 1978). 
Relative humidity (RH) was not controlled but was observed to maintain 
near 60% in the light and 90% in the dark by a hygrothermograph. 
When the leaflets of the second trifoliolate were completely de­
tached from each other (V2 stage), 3 different levels of PPFD were 
used to induce variation in leaf thickness following suggestions from 
Nobel and Hartsock (1981) and Bunce et al. (1977). The initial 
-2 -1 
measurement showed 200, 400, and 600 uE m s at the top of the 
plants for each one-third of the pots. Each treatment consisted of 6 
plants. These different PPFD levels were provided through adjusting 
the height of pots rather than controlling light source, in order to 
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maintain the quality of light, e.g., the ratio of red to far-red radi­
ation (Grace, 1983). 
Three days after full expansion of the 4th trifoliolate, one-half 
of the pots treated with the same PPFD were placed in the greenhouse 
-2 -1 
with illumination by sunlight (about 1000 yE m " s ) and the other 
half of the pots were placed in a shaded environment (about 150 pE 
-2 -1 
m s ) made by cloth screens. Hence, there were 3 replications for 
each treatment. After 1 hour of equilibration to the sunny and shaded 
environments, COg and H^O exchange characteristics and microclimates 
around the leaves were monitored on terminal leaflets of the 3rd and 4th 
trifoliolates using a closed photosynthesis system (LI 6000, Li-Cor., 
Lincoln, NE). Leaf area was measured with a photoelectric leaf area 
meter (LI 3000, Li-Cor., Lincoln, NE). After the leaf area measure­
ment, small pieces of leaves were sampled by a razor blade (avoiding 
major veins) and subjected to TEA series (Berlyn and Miksche, 1976) 
for anatomical study. 
Eight velvetleaf (Abutilon theophrasti Medic.) plants were grown in 
another chamber with conditions similar to those mentioned above for 
comparison. In this case, 3 measurements per leaf were conducted to 
test the consistency of data. Other procedures were the same as with 
the Amsoy study. 
Computations of leaf photosynthesis and transpiration were made 
using the measured environmental and biological parameters given in 
Table 2. Absorbed total radiation (Qabs) within the chamber was esti­
mated from the data for the radiation environment outside the chamber 
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Table 2. Input data for the leaf gas exchange-energy balance simula­
tion 
Parameters 
(unit) 
Amsov 
Sunlit Shaded 
Velvetleaf 
Sunlit Shaded 
Air tempera­
ture (C) 28 
Relative humidity 
(%) 35 
Wind velocity 
(m/s) 1.0 
Abs. radiation 
(W/m2) 1300 
Mean PAR 
(uE m-2 s"l) 1000 
Leaf dimension, 
D 
Leaf dimension, 
W . 
Stomatal resistance 
(s/m) 150-300 
Measured leaf tem­
perature (C) 27.1-28.7 
Calculated leaf 
temperature (C) 27.3-29.0 
0.08  
0.05 
22 
35 
1.0 
1000 
150 
0 . 0 8  
0.05 
150-700 
19.3-22.8 
20.4-22.6 
35 
35 
1 . 0  
1600 
1200 
0.08  
0.05 
100-160 
33.9-35.4 
33.0-34.6 
29 
35 
1 . 0  
1200 
250 
0.08 
0.05 
250-700 
28.9-29.5 
28.5-30.3 
because of difficulty in direct measurement within the leaf chamber 
(Appendix D). For simplicity, only the highest and lowest stomatal 
resistances observed in the experiment were selected for the computa­
tions. All measured values were expected to locate near or between 
the two simulated curves calculated from the extreme r^ values, since 
the anticipated variations in other parameters have less effect than 
r . 
s 
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Estimation of internal leaf structure 
It is crucial to have accurate methods for estimating the two ana­
tomical variables, AR and VR, if the model is to be verified. Most 
procedures for estimating cell volume and cell surface area in the 
past treated cells as if they were spheres or cylinders of equivalent 
size (Turrell, 1936; Dornhoff and Shibles, 1976; Nobel, 1980). Since 
many cells resemble neither spheres nor cylinders, these methods have 
inherent errors. The most accurate method known so far is probably 
one of the stereological methods (Thain, 1983). Stereological 
morphometry refers to the quantitative measurement of shape based on 
the inferences made about solids from two dimensional sections (Weibel, 
1979). Application of stereological morphometry is common in metallurgy, 
animal anatomy, and crystallography. 
A stereological version for leaf anatomy was introduced by 
Parkhurst (1982). For volumetric tissue component measurements (e.g., 
the fraction of mesophyll tissue), he used a random dot lattice. If a 
large number of dots are marked at random on a cross section of leaf, 
then the number of dots falling within each tissue component of the 
layer of interest can be counted. The number of dots falling on 
chlorenchyma, divided by the number of dots falling within the whole 
tissue layer, will equal the fraction of the layer's area occupied by 
chlorenchyma. Therefore, the fraction of dots within each tissue com­
ponent is assumed to be an estimate of the volumetric fraction of that 
component. 
Since I have defined VR as the mesophyll cell volume per unit leaf 
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area, VR can be calculated by the following formula: 
VR = Vjh 
where is the volume fraction of chlorenchyma and h is the width of 
the leaf cross section (thickness) (m). Functionally, VR is the 
thickness of the mesophyll tissue excluding intercellular air space 
and nonchlorenchyma. The values reported here were multiplied by 10^ 
and expressed as ym. 
Estimates of cell surface area per unit cell volume were obtained 
using random lines instead of points (Parkhurst, 1982). This method 
considers the intersection of random lines' with cell walls. The cell 
surface area is considered to be related to the number of such inter­
sections and to the total length of the random lines that lie within 
the leaf section being evaluated. The formula used in this study was: 
AR = h f 
where f is the proportionality factor (2,35 for palisade tissue and 
2.0 for sponge tissue), C is total number of intersections of sectioned 
cell wall by the random sampling lines, and L is total length of random 
sampling lines falling within the area of the section being sampled. 
The f, C and L terms were defined by Parkhurst (1982) and used to 
compute chlorenchyma surface per unit leaf volume. The introduction of 
the h term results in a computation yielding the chlorenchyma cell 
area per unit leaf surface area. 
In practice, I created computer-drawn random point and line plots 
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of 15 X 15 cm dimension (4 points per cm , two 7 mm long random lines 
2 per cm ; see Appendix F). These plots were copied onto thermal 
transparencies. Leaf cross sections were photographed at 400X mag­
nification on a high contrast B/W film (Kodak Technical Pan 2415). 
Theoretically, stereological methods need sections of zero thickness, 
which is impossible to achieve. I used "optical sectioning," which 
involved photographs of sharply focused leaf sections with the optical 
system adjusted for minimal depth of field. Photographic transparen­
cies were mounted as 35 mm slides and projected onto a screen using 
a common slide projector. The random line or random point transparency 
was superimposed on the projected image and the dots or intersections 
counted. A foot-pedal counter was used for easy counting. The width 
of the leaf cross section (thickness) was measured on the projected 
image with a centimeter ruler and converted to the real value by com­
paring the measured image with the measured length of the projected 
image of a stage micrometer. The micrometer slide was photographed 
and projected using identical settings (and equipment) to those used 
in photographing the leaf sections. 
Results and Discussion 
Leaf structure 
Linear relationships between AR and VR were found for both 
species (Figures 8 and 9). The regression equations fitted were: 
VR = 2.1427 AR + 0.2601 (r^ = 0.71) for the 3rd and 4th trifoliates 
of Amsoy and VR = 3.0251 AR - 11.8850 (r^ = 0.92) for the 3rd leaves 
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Figure 8. Relationship between volume and surface area ratios for 
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of velvetleaf. Since AR can be modified by cell number, size, packing 
mode, and the ratio of palisade and sponge cells, any environmental or 
biological changes during leaf ontogeny and expansion could alter 
these relationships. Hence, direct application of these regression 
equations to other studies is not recommended. Relatively wide varia­
tion around the regression line, especially in Amsoy, implies a poten­
tial for errors in the simulation. The mean values, 15 for AR and 32 
for VR, were assumed to represent the "normal" thickness in Amsoy 
leaves used in this study. For velvetleaf, values of 14 and 30 for 
AR and VR were used, respectively. 
Stomàtal resistance 
The different levels of irradiation which were used to induce dif­
ferent leaf thickness development may cause alterations in leaf char­
acteristics (other than the thickness). Any change in leaf character­
istics, which can influence gas exchange, complicates interpretation of 
thickness effects on photosynthesis and transpiration. Although 
several characteristics may be altered, stomatal resistance (r^) is 
most important because it can pose the greatest control of leaves over 
gas diffusion into and out of leaves. If the frequency or the size of 
stomatal aperture is altered significantly cue to the irradiance treat­
ment (if the r^ values are different among the treated plants), any 
observed difference in photosynthesis and transpiration should be 
interpreted with respect to both the thickness and r^. 
The stomatal resistance to the diffusion of water vapor was 
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measured for leaves used in this study, however, the actual densities 
and areas were not. All the measured r^ values were averaged for the 
species and treatments (Table 3). The variation of measured values 
was large as may be noted in the standard deviations that were found 
(Table 3). For this study, it was assumed that both low and high 
light grown leaves had sufficient stomatal area to achieve a resistance 
of 300 s/m (or lower). This agrees with observations made by Taylor 
(1971). The values given (Table 3) should be considered only a repre­
sentative as they represent only the means of resistances existing at 
various times during the day and do not indicate the extremes or the 
Table 3. Stomatal resistances to water vapor diffusion for the leaves 
of plants grown under different light environments; measure­
ments were conducted on the third and fourth trifoliates of 
Amsoy plants, and the third leaves of velvetleaf plants in 
sunny and shaded conditions 
Measurement Growth r 
condition Species condition 
(PPFD) (PPFD) Mean S.D. 
2 2 
liE/m s uE/m s m/s m/s 
839-1242 Amsoy 600 239 56 
200 199 41__ 
1196-1288 Velvetleaf 600 115 6^ 
200 142 12^ 
53-175 Amsoy 600 377 162 
200 305 224 
171-276 Velvetleaf 600 440 182* 
200 327 56* 
^Standard deviation for this set indicates variation of measure­
ment as four leaves were measured three times each. All other S.D.s 
represent approximately 15 leaves, each measured once. 
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simulatneous values for sun grown and shade grown leaves. I could not 
detect a statistically significant segregation of r^ values depending 
on thickness or on the related cell volume ratio (VR) (Figures 10 and 
11). Therefore, no difference of r^, between sun grown and shade grown 
leaves, was considered in the model computation of thickness effects in 
this study. The model does, however, provide for varying the stomatal 
resistance as the user may desire. 
Photosynthesis 
The validation of the model with respect to photosynthesis was 
conducted by comparison of predicted rates of CO^ uptake with measured 
rates in the greenhouse using "sun" and "shade" grown plants. 
The environmental parameters used in the computations are found 
in Table 2. Two leaf resistances were used in the computation to repre­
sent "typical" high and low resistances that were measured on the 
chamber grown plants used in this validation (see Table 2). The pre­
dicted CO^ uptake rates as a function of the leaf thickness related 
parameters (AR, VR) are shown in Figures 12 and 13 for leaves in moder-
2 9 
ate sun (1200-1000 yE/m s) and for low sun (250-150 yE/m"s) in Figures 
14 and 15. The model predicted substantial increases in CO^ uptake 
with increased cell volume and internal area for moderate sun condi­
tions. Actual measurements indicate that the model may, however, be 
somewhat conservative. 
The velvetleaf plants grown under low light were found to have 
surface area ratio (AR) values near 9 while those grown under the 
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higher light levels were near 17 (Figure 12A). The cell volume ratio 
measurements were 17 and 43, respectively (Figure 12B). The net CO2 
uptake for velvetleaf plants grown at 26/20 C (day/night) under low 
2 light (200 pE/m s) was about 60% of the rate observed for those 
2 developed under higher light (600 uE/m s), when measured under the much 
2 
higher mean PPFD of 1200 yE/m s and the much warmer air temperature of 
35 C (Figure 12). The variation in the observed CO^ uptake rates 
(vertical scatter of points in Figures 12A and 12B) among the replica­
tions within a sample was considered to be within the acceptable range 
considering the environmental conditions used in this experiment. 
9 
Under the high irradiance (ca. 1200 pE/m^s) , the computation using 
the AR model slightly underestimated the CO2 uptake rates for the 
leaves of high light grown plants, but overestimated the rates for low 
light grown plants (Figure 12A). This may indicate that the AR based 
model slightly underestimated the thickness effect on leaf photosynthe­
sis. 
The computation by the AR-VR model is anticipated to express the 
maximum effect of leaf thickness, as was discussed in "Effects of 
Thickness on Photosynthesis" above. The actual data shown in Figures 
12 and 13 tend to confirm this theory; however, the absence of data for 
leaves of intermediate thickness and the small size of the sample (only 
four leaves for velvetleaf) render it impractical to conclude that the 
AR-VR model is better than the AR based model using velvetleaf. 
Using the three different growth light levels, a nearly continu­
ous distribution of leaf thickness was obtained for Amsoy plants. 
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ranging from about half to twice the arbitrary mean thickness (Figure 
13). As the leaf thickness increased with light level, the net COg 
uptake rates for Ainsoy plants increased almost linearly from 0.4 up 
2 2 
to 1.2 mg/m s under the mean PPFD of 1000 pE/m s and the average air 
temperature of 28 C. Most variations among the data points were due 
to fluctuation of the radiation environment during the experimental 
period. 
The computation using the AR model for the Amsoy leaves with the 
maximum and the minimum r values encloses most of the observed 
s 
points, although an overall underestimation of the thickness effect 
was noted in this case, too. When computations were done using the 
AR-VR model, a slight improvement over those by the AR model was 
found (Figure 13B). When I compared the slopes of the curves from the 
two models with the slope of linear regression for actual data points, 
the slope from the AR-VR based model was closer to that of the regres­
sion by 11% than the slope from the AR based model. 
One expectation of the thickness effect on net photosynthesis was 
that measured values would be located near or between the values pre­
dicted by the AR-only and the AR-VR combination models. The experi­
mental data and the corresponding model computations showed that the 
differential between the two models may not be so large as was initial­
ly expected. From this result, it was felt that the thickness effect 
might be explained primarily by only the increased cell surface area, 
under the conditions used in this experiment. However, the effect of 
increased cell volume should not be neglected because it made an 
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apparent contribution to net photosynthesis in addition to the cell 
surface area, especially as seen in Figure 12. The effect under a 
wider range of environments should, however, be tested. 
Although it might be a premature conclusion, from overly simpli­
fied model computations, the hypothesis that leaf photosynthetic 
capacity can best be represented by combining the volume and surface 
area of photosynthetic cells, appeared to be substantiated in this 
experiment. Also, the stereological methods adopted in this study 
appear to be suitable for estimation of internal leaf structure. 
Despite the same initial numerical estimates for the photo­
synthetic parameters used in the computations for both species, there 
was remarkable agreement between observed and computed rates of CO2 
uptake for both a wild species (velvetleaf) and a highly selected 
soybean variety (Amsoy). Although this study was confined to just the 
two species and to early growth stages, it suggests that the amount of 
photosynthetic machinery may be anticipated as a major factor which 
determines the leaf photosynthetic capacity. 
The PAR treatment used in this experiment was expected to alter 
the quality of the photosynthetic machinery to some extent (e.g., the 
ratio PS I to PS II) (Bjorkman, 1981). Furthermore, some character­
istics of photosynthetic machinery of the wild species might be dif­
ferent from that of the highly selected crop cultivar due to different 
adaptation history. No direct method of testing for a change in the 
PS I to PS II ratio was applied in this research. However, if the 
ratio were to adjust in a manner indicative of acclimation, it may be 
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presumed that the observed CO^ exchange rates for the low light grown 
leaves would be somewhat higher than my model anticipated when light 
levels are low. When light levels are moderate to high, the acclima­
tion to low light may be detrimental (Bjbrkman, 1981). As will be 
discussed below, the model fit very well under low light conditions. 
However, the tendency for the shade grown leaves to exchange CO^ at a 
lower than anticipated rate in moderately bright light (Figures 12 and 
13) may be indicative of some photosystem differences. 
The model does not anticipate water stress effects on stomatal 
behavior nor photochemical reactions. However, the investigator may 
independently measure or compute stomatal resistance and specify it 
as a model boundary condition. The effects of water stress on photo­
chemistry (or so-called "non-stomatal" effects) are not included in 
the model as they were assumed (for this study) to be of lesser im­
portance than stomatal effects in that stomate response will precede 
non-stomatal inhibition as water stress develops (Pearcy, 1983). At 
the stress levels considered in this study (stomatal resistance always 
less than 300 s/m), no reports of non-stomatal inhibition have been 
located. No wilting was observed in the study, and the non-stomatal 
effects were assumed to be insignificant for turgid leaves (Keck and 
Boyer, 1974). Applications of this model to highly stressed condi­
tions may require the addition of a non-stomatal inhibition term to 
prevent unrealistically high computed photosynthesis rates at high 
leaf resistances. 
The hypothetical leaf used in this study was simplified as in 
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most conventional resistance models (Tenhunen et al., 1980). Using 
a 3-dimensional diffusion model, Parkhurst (1984) calculated as large 
as 46% increase in mesophyll resistance (including "biochemical 
resistance") with changing only the gas phase resistance from 300 to 
2000 s/m. His result seemed to indicate a potential importance of 3-
dimensional geometry in diffusion modeling, which was neglected in 
my model. A Parkhurst type treatment would allow the leaf to mini­
mize the number of stomates while not substantially affecting the 
resistance to CO^ uptake. This may have broad ecological implications 
related to the cost of leaf architecture but would not directly influ­
ence the CO^ exchange modeled in this study. The values found for a 
change in stomatal resistance of lOX are discussed under "Simulation 
Study" below, which showed a 63% decrease of PSN under moderate sun 
conditions. This value also includes a temperature effect that ele­
vates the change beyond that due purely to resistance. The low light 
computation showed a 25% decrease which was somewhat diminished by the 
temperature effect. Accordingly, this model was found to be in general 
agreement with the value computed by Parkhurst (46%) for the conditions 
I tested. 
(fhen measurements were conducted under the shaded environment, 
the three leaves of velvetleaf plants showed similar rates of net 
CO^ uptake regardless of growth light levels (hence the thickness 
related parameters, AR and VR). Model computations with mean stomatal 
resistances observed for three leaves showed near the same CO» uptake 
rates over the thickness used under this condition (Figure 14). There 
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was little difference in both computations by the AR and AR-VR based 
models (Figures 14A and 14B). The model predictions indicate that 
leaves with more photosynthetic machinery per unit leaf surface have 
little advantage with respect to the net CO^ uptake compared with 
normal or thin leaves under shaded environments. According to the 
assumptions used in the photosynthesis submodel, this is due to at 
least two factors: first, that, even with greater volume of photo-
synthetic machinery and sufficient CO^ supply from the increased 
surface area, the limited supply of light energy precludes full opera­
tion of those machinery, and second, that even if there is some carbon 
gain from thickness effect, increased dark respiration to maintain the 
increased enzyme activity compensates for it. 
The CO^ uptake rates of Amsoy leaves were also nearly the same 
over the thickness range tested at 28 C air temperature and in low 
light (ca. 150 uE/m"s) (Figure 15). The variations among the measured 
points were attributed primarily to fluctuating light conditions, and 
the resulting stomatal resistances. 
The AR and AR-VR based models using 4 different stomatal resist­
ances predicted that leaf thickness related effects on CO^ uptake 
rates (AR, VR) would be minor (Figures 15A and 15B). Most data 
points were enclosed within the extremes computed by these models 
using the highest and lowest stomatal resistances observed in this 
portion of the study. 
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Water use efficiency 
The water use efficiency (WUE) was defined as the ratio of appar­
ent photosynthesis (PSN, mg CO2) to transpirational water loss (TSF, 
g HgO) at the steady state. The model assumed no effect of leaf 
thickness on transpiration rate. Hence, the water use efficiency was 
expected to follow the photosynthetic response to thickness related 
factors. 
The microclimate within the chamber where the leaves of velvet-
leaf plants were placed was hot (T^= 35 C), dry (RH=35%), and turbu-
2 lent (V = 1.0 m/s) under moderate sun light (PAR= 1200 pE/m s). This 
condition resulted in a high transpiration rate (Table 4). Amsoy 
leaves were measured in a different environment (T^=28 C, PAR = 1000 
2 
uE/m s) (Table 4). Under the sunny environment, no difference in the 
TSP values which were averaged for the species and treatments was 
found between high light grown thick and low light grown thin leaves. 
A slight tendency toward higher TSP for low light grown (thin) leaves 
was detected when measured under low light conditions. Due to the 
variations among observations, no statistical significance was given 
to these results, however. 
Calculated WUE values using the two models showed increasing WUE 
as the thickness related parameters increased under the sunny condi­
tions (Figures 16 and 17). The WUE for the leaves of velvetleaf 
plants grown under high light was observed to be about 50% higher 
than that from low light when measured under the sunny condition (Figure 
16). The model computations, based on the two models, apparently 
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Table 4. Transpiration rates for the leaves of Amsoy plants and 
velvetleaf plants grown under different radiation environ­
ments; measurements were conducted on the third and fourth 
trifoliates of Amsoy plants and the third leaves of velvet-
leaf plants in sunny and shaded conditions 
Measurement 
condition 
(PPFD) 
Species 
Growth 
condition 
(PPFD) 
Mean 
TSP 
AR Mean S.D. 
2 
uE/m s yE/m^s mg/s mg/s 
839-1242 Amsoy 600 
200 
18.4 
7.9 
77.1 
8 8 . 9  
23.8 
15.3 
1196-1288 Velvetleaf 600 
200 
17.3 
9.3 
187.4 
180.0 
10.5^ 
12.3* 
53-175 Amsoy 600 
200 
17.1 
9 . 8  
31.3 
55.0 
15.4 
25.6 
171-276 Velvetleaf 600 
200 
16.7 
12.7 
47.6 
59.5 
15.2* 
7.7* 
^Standard deviation for this set indicates variation of measure­
ment as four leaves were measured three times each. All other S.D.s 
represent approximately 15 leaves, each measured once. 
10 
o 
CM 
X 
O) 
\ 
CM 
O 
o 
O) 
E  
UJ 
3 
Figure 16. 
5 
-A B 
rs =160 rs = 
= 100 
• 
^ •  
« • 
^ • 
~ m a 
a B B • 
a m 
• B 
a B 
1— — 1 1 1 1 
10 15 
AFl 
20 20 30 
V R  
40 
Computed water use efficiency for leaves of low resistance to the diffusion of water 
vapor (s/ni) under high light (ca. 1200 pE/m^s); predicted water use efficiency using 
the ratio of leaf internal cell surface area to external area (A) is less responsive to 
factors associated with leaf thickness than is the combined surface area-cell volume 
model (B); points represent observations, under the environmenta]. conditions modeled, 
for low (m) and high (O) light grown Abutilon theophrasti; relative slope of the models 
(A and B), wlien compared to the apparent difference of response for the observed leaves, 
indicates that tlie combined factor model (B) more accurately describes the water use 
efficiency response 
o 
CM 
DC 
O) 
\ 
CM 
O 
0 
1 
uT 
20 
1 6  
12 
8 
A B 
• • 
• • 
rs = 300 — 
" • T 
r s = : 3 0 0 ^ — r s  =  1 5 0  
' % •rs=i50 
"^a 
_ B 
n m • « 
• • 
Al 1 , , 1 , /\l 1 Î 1 
Ln 
00 
10 15 20 20 30 40 50 
A R  V R  
Figure 17. Computed water use efficiency for leaves of low resistance to the diffusion of water 
vapor (s/iti) under higli light (ca. 1000 pE/m^s) ; predicted water use efficiency using 
the ratio of leaf internal cell surface area to external area (A) is less responsive 
to factors associated with leaf thickness than is the combined surface area-cell volume 
model (B); points represent observations, under the environmental conditions modeled, 
for low (•), medium (•), and high (•) light grown Glycine max; relative slope of the 
models (A and B) , wlien compared to the apparent difference of response for the observed 
leaves, indicates,that the combined factor model (15) more accurately describes the 
water use efficiency response 
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overestimated efficiency for all the thickness observed (Figure 16). 
It was found that the TSP values computed by the energy balance equa­
tion were lower than those obtained from porometer readings, resulting 
in a relative depression of observed efficiency values. Because the 
standard energy balance equation has been refined by many workers, 
and the TSP calculated from this equation is believed to be accurate 
enough for most conditions, the accuracy of porometer reading was 
suspect in this study. Young and Smith (1982) reported similar devia­
tions in a simulation study, and suspected potential error due to 
improper calibration of porometers. 
The WUE for the leaves of Amsoy plants increased with the leaf 
thickness when measured under the sunny condition (Figure 17). Since 
the intent of this research is to evaluate the effects of thickness 
related parameters on water use and productivity, the absolute agree­
ment of rates is not so important as the changes related to thickness. 
By using the slope of straight lines fit to both the observation and 
to model predictions, a first approximation of model suitability can 
be made. As with the PSN verification, the AR-VR model was found to 
give better relative results than the AR model only when describing 
WUE. The slope of the AR-VR model was closer to that of the regression 
of measured points than the slope from the AR based model by 26%. 
According to the AR-VR model computation (Figure 17B), the WUE of 
a leaf with low r^ (150 s/m) in the sunny environment would be in­
creased up to 12% if the leaf increases in thickness from a value giv­
ing a VR of 30 to one of 45 (a 50% increase). If the leaf has twice 
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as high (upper curve of Figure 17B), the increase attributable to 
the leaf thickness would be a little more than 10%. If the leaf 
closes the stomates to the r of 300 s/m with a constant thickness, 
s 
the WUE would be increased by 18.5% at normal thickness under the 
same environment. Decrease in WUE was more remarkable at lower than 
normal thickness range. If a leaf has 50% less thickness than the 
leaves with the normal thickness, it would show about 20% lower WUE 
value than the normal leaves under the sunny condition. It must be 
remembered that the increase in WUE at a higher cell volume is 
accompanied by increased net photosynthesis. This is in contrast to 
increased WUE resulting from increased stomate resistance, where an 
increase in photosynthesis would not normally be observed. 
Under shade conditions, the calculated WUE showed little dependence 
on thickness related parameters (Figures 18 and 19). The model compu­
tation used the lowest and highest values observed on the leaves of 
velvetleaf plants and predicted approximately the same extremes found 
in the experimental data. 
Similar WUE values were found for the sunny and the shaded measure­
ment conditions. The values for Amsoy plants were higher than those 
for velvetleaf plants, revealing the difference in the environmental 
conditions at the time of measurement. 
Large variation in the WUE for the leaves of Amsoy plants was 
observed when the PSN and TSP were measured under the shaded environ­
mental conditions (Figure 19) . The plants were placed in the measure­
ment environment at least 60 min before measurements were conducted 
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and their physiological status was assumed to be in equilibrium with 
surrounding environments. But the abruptly changing irradiance 
caused by the greenhouse frames, accessories, and plumbings might 
have interrupted the equilibrium. Because the relative magnitude of 
stomatal opening and closing to light is bigger under low light 
(Gates, 1980), the r^ values and corresponding TSP were more variable 
among observations than in the sunny measurement condition. Even 
under this fluctuating condition, the model predicted virtually the 
same range of WUE as the experimental data. 
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S ULULATION STUDY 
Jones (1976) studied effects of some leaf characteristics on WUE 
using model computations and concluded that optimum combinations of 
anatomical characters vary with the environment. Many ecological 
studies, based on modeling techniques, have concentrated on the inter­
action of plant characteristics with surrounding microclimates (Smith 
and Geller, 1980; Taylor, 1971; Parkhurst and Loucks, 1972; Young and 
Smith, 1982; Smith, 1981). The interaction of thickness effects with 
various environmental conditions is of great interest from the view­
point of applications as well as theory. 
"Model computations were conducted, using the AR-VR model (see 
Model Development above), to quantify thickness effects for several 
environmental combinations. Model leaves were assigned the same 
characteristic dimensions as those of the plants used in the model 
validation experiment. Leaf internal structure was fixed to follow the 
stereological relationships found in this experiment (i.e., VR is a 
linear function of AR). 
Exposed and Shaded Environments 
Sun and shade are a most remarkable contrast in nature from the 
viewpoint of energy exchange. From the model validation procedure 
above, it was shown that the effects of thickness were closely related 
to the radiation environment. Among the biological parameters used in 
the model, r^ is one of the most powerful factors that can control 
both energy and gas exchange of a single leaf. Hence, all possible 
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interactions between r^ and leaf thickness were important to the ob­
jectives of this study. Nomograms which have two independent vari­
ables, AR and r^, and one dependent variable, PSN or WUE, were gener­
ated from the model calculations. Values selected for the environ­
mental parameters were the same as in the model validation experiment 
(see Table 2). 
Hypothetical leaves with low r^, exposed to moderate sun light 
in the model, showed increased PSN as they thickened (Figure 20A). 
But leaves with high r^ (over about 500 s/m) were not expected to 
derive an advantage from increased thickness. Below 500 s/m, the 
positive effect of leaf thickness was nearly balanced by the negative 
effect of r^, resulting in the highest PSN found at thick leaves with 
low r . 
s 
Simulated shade conditions indicated that the highest photosynthe­
sis was found at thickness near those considered to be normal for the 
hypothetical leaves (Figure 20B). Any change in leaf thickness pro­
duced a negative effect on PSN under these conditions. Relatively 
little response to r^ was noted for stomatal resistances below 500 
s/m. 
The thicker leaves, resulting in higher productivity in sunlit 
conditions, as predicted by this model were consistent with the observa­
tions that each successive leaf became thicker than the previous one 
in soybean cultivars (Dornhoff and Shibles, 1970; Lugg and Sinclair, 
1980). This is also in agreement with the observation that the SLW 
or thickness apparently adjusts to meet the photosynthetic demand after 
icœF 
ON ON 
15 30 45 60 15 30 45 60 
CELL VOLUME RATIO 
Figure 20, Isolines representing simulated apparent photosynthesis as a function of leaf thick­
ness and resistance in sun and shade (mg CO^ m""2 g-l) 
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full expansion of the leaf (Sinclair, 1980). 
Throughout a r^ range of 100 to 1000 s/m (assumed to be the func­
tional resistance range), the thickness effect on WUE had about the 
same magnitude as that of stomatal control (Figure 21A). Increasing 
either of them had positive effects on WUE, resulting in the highest 
WUE to be found at thick leaves with high r^. From this result, it is 
apparent that thick leaves would be superior in terms of photosyn-
thetic water use efficiency to thin leaves, if they function in 
exposed positions and the other environmental conditions are similar 
to those used in the computation. This prediction is consistent with 
the fact that thick leaves are common at sunny sites in nature, where 
atmospheric demand for water evaporation is greater. Hence, this 
simulation may provide a partial answer on the adaptive value of sun-
grown leaves tending to be thick. In natural sun conditions, where 
water shortage is common, plants could utilize water resources 
judiciously without decreasing photosynthetic productivity, if their 
leaves are thick enough. Although the model neglected non-stomatal 
water stress, which may occur in nature (Boyer, 1970; Keck and Boyer, 
1974), predictions based on this model appear to be consistent with 
natural observations. 
Under shade conditions, WUE is modeled to be virtually a function 
of stomatal control. Neither thick nor thin leaves had any advantage 
in the shade (Figure 2IB). This implies that any adaptive attribute 
of shade grown thin leaves may be found elsewhere; for example, more 
resources allocated to leaf surface area for light interception without 
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Figure 21. Isolines representing simulated photosynthetic water use efficiency as a function 
of leaf thickness and resistance in sun and shade (mg COg/g HgO) 
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sacrificing WUE under these conditions. Smith and Nobel (1978) arrived 
at a similar conclusion based on their experiment with the desert shrub 
Encelia farinosa under sun and shade conditions. A lack of demand for 
evaporation in shaded environments may result in lower priority of WUE 
in natural selection. 
Hot, Warm, and Cool Environments 
It has become clear that thick leaves will have an advantage over 
thin leaves in terms of the photosynthetic carbon gain and water use 
efficiency under exposed conditions. Since the thermal environment is 
another critical factor to plant performance, it is useful to model the 
extent of thickness effects under a range of heat loads. 
2 
Under full sunlight, incident solar radiation could be 1000 W/m at 
2 
1000 m altitude and 950 W/m at sea level (Nobel, 1983). Within an air 
temperature (T^) range of 10 to 40 C, the longwave radiation which is 
2 
absorbed by plant leaves may vary about 2000 W/m , while the range of 
2 
short wave radiation absorbed by the leaves could span 450 W/m (see 
2 
Appendix H). Hence, total variation in Qabs could be 650 W/m for a 
leaf in full sun. 
Three air temperatures, 35, 25, and 15 C, were selected to represent 
hot, warm, and cool environments, respectively. Appropriate Qabs values, 
to represent the upper or lower limit expected, were chosen as: 1700, 
2 1300, and 900 W/m for air temperatures of 35, 25, and 15 C, respective­
ly. Air speeds of 1.0 and 0.1 m/s were selected to represent windy and 
calm conditions. Delineation of climatic divisions was similar to 
that given by Taylor (1975). Since relative humidity must be used 
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together with the temperature, different values were selected to indi­
cate dry and wet conditions among the thermal settings. For the warm 
and the cool conditions, 50 and 65% were selected to mean dry and wet, 
respectively. For the hot climate, however, 35 and 50% were selected 
for dry and wet conditions. Therefore, there were 3 temperatures, 2 
humidities, and 2 air speeds combined to give 12 sets of environmental 
conditions which were characterized in the simulation study. PAR was 
2 
fixed at 1900 pE/m s to represent near full sunlight. All the results 
were transformed to nomograms with AR (or VR) and r^ as independent 
variables. Because little variation of the PSN nomogram was found 
among the different climates, only the WUE nomograms are presented. 
Hot climates 
The simulated leaf response to an extremely hot, sunny climate 
2 
considered: dry and calm conditions with T^ = 35 C, Qabs = 1700 W/m , 
RH = 35%, and V = 0.1 m/s. The maximum WUE was found at thick leaves 
with low r^ (Figure 22). Although WUE will generally increase if a 
leaf closes its stomates, under this condition, the leaf should open 
its stomates to be more efficient in water use. According to the 
model calculation, the WUE would decrease from 7.4 to 1.2 as the leaf 
closes stomates from 100 to 1000 s/m. This result was due to increased 
leaf temperature as a result of reduced evaporational cooling. This 
computation is in agreement with the conclusion of Jones (1976) re­
garding extreme conditions. Since evaporative cooling was a major 
mechanism to control the leaf temperature under the calm conditions. 
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Figure 22. Water use efficiency (mg CO2/0 hot-dry-calin condi­
tions; the influence of leaf thickness is most significant 
when leaf resistance to the diffusion of water vapor is 
low 
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the increased rapidly when r^ increased. When was 1000 s/m, 
the calculated was 46.3 C, but was 36.6 C at an r^ of 100 s/m for 
a leaf with VR = 30. The elevated resulted in a computed 95% 
reduction of PSN. Even in heat adapted plant species, the former 
would be too high for the leaf performance. When exposed to these 
conditions, the leaf is in a lethal situation: stomatal closure will 
result in elevated and little or no change in water loss rate, if 
the plant is short of water, the leaf (or whole plant) will dehydrate; 
if water is plentiful, the leaf (and/or plant) may survive if r^ 
remains low. 
When such conditions develop, the thick-leafed plant with abundant 
water is clearly at an advantage over plants with thin leaves and 
over plants without ample water supply. 
Under hot, wet and calm conditions, the overall leaf response 
pattern was similar to the dry and calm condition above (Figure 23). 
At low r^, WUE appeared to be slightly improved by high atmospheric 
humidity. With this change in RH, was increased by 1.4 C, result­
ing in slightly lower CO^ uptake. Actual TSP was considerably reduced 
by the effect of higher water vapor density in the air, resulting in 
higher WUE. At high r^, this trend disappeared due to high tempera­
ture inhibition of photosynthesis, and the negative productivity region 
became larger than was computed for dry conditions. 
The effect of convective cooling on the energy balance, and even­
tually on the pattern of PSN and WUE, is well-demonstrated in Figure 
24. When wind velocity was increased from 0.1 to 1.0 m/s, the leaf 
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Figure 23. Water use efficiency (mg CC^/g H?©) for hot-wet-calm con­
ditions; the influence of leaf thickness is most significant 
when leaf resistance to the diffusion of water vapor is low 
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Figure 24. Water use efficiency (mg C02/g H2O) for hot-dry-windy con­
ditions; leaf thickness is expected to significantly influ­
ence the efficiency at low to moderate (up to 1000 s/m) 
leaf resistance to the diffusion of water vapor 
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temperature decreased by 3 to 6 C (depending on r^). Although the in­
creased wind reduced the boundary layer thickness, and accordingly, 
increased evaporation rate from the leaf surface, the WUE was little 
affected at low r^ or even improved at higher r^, due to the lowered 
effect on PSN. 
At higher r^, there was greater cooling effect, eliminating the 
high r^ inhibition of photosynthesis seen with the calm condition. 
As a result, WUE values were determined largely by leaf thickness 
regardless of the magnitude of r^ value of the leaf. 
Although no mechanism is reported, there have been observations 
of decreased PSN under large vapor pressure deficit conditions in a 
few species (Bunce, 1984), which may be due to modification of meso-
phyll conditions. If this is true, the WUE pattern in dry climates 
might be different from this model computation, because no effect of 
humidity on mesophyll cell properties was considered in this model. 
For the same bright sun with hot temperatures but with wet and 
windy conditions, the overall pattern was similar to those in Figure 
24, but the increased RH contributed to slightly improved WUE through­
out the whole range of r^ (Figure 25). The model begins to show the 
trend toward increased WUE for thinner leaves at increasing r^ in this 
example; however, it would not be advisable to attempt to define the 
change of increased to decreased WUE with thickness and r^ based on 
Figure 25 since the boundary conditions used in the model are not well-
defined in this range. Nevertheless, the effect is expected to be 
correct, even though identifying the conditions where the reversal 
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Figure 25. Water use efficiency (mg COp/g for hot-wet-windy con­
ditions; leaf thickness is expected to significantly influ­
ence the efficiency at low to moderate (up to 1000 s/ni) 
leaf resistance to the diffusion of water vapor 
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occurs may require a more detailed study. 
Warm climates 
The simulated leaf response to a warm and sunny climate considered: 
dry and calm conditions with T^ = 25 C, Qabs = 1300 W/m^, RH = 50%, 
and V = 0.1 m/s. The overall leaf response pattern was dominated by 
leaf thickness rather than stomatal control, but this trend was 
diminished as leaves thicken (Figure 26). For the range of r^ simu­
lated in this study, WUE was higher for thicker leaves. Because the 
Qabs was relatively high, an increase in r^ results in decreased WUE 
over most of the range of thickness considered. Hence, the maximum 
WUE is found at thick leaves with low stomatal resistance. 
When the relative humidity was increased from 50 to 65%, there 
was no change in the general pattern (Figure 27). A slight increase 
in overall WUE values attributed to the reduced transpiration was 
noted. There was very little difference in PSN due to differing T^ 
between dry and wet conditions. 
When the wind velocity was increased from 0.1 to 1.0 m/s, the 
leaf temperature was decreased by 2.5 to 4.5 C from that calculated 
under the dry conditions. The maximum WUE was found at highest r^ 
region, changing the overall WUE pattern from the previous climates 
examined (Figure 28). According to model calculations, a leaf with an 
r of 100 s/m would show 35% increase in WUE with twofold increase in 
s 
thickness. If the leaf r^ increases from 100 to 1000 s/m, approxi­
mately the same rate of increase in WUE can be expected, although this 
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Figure 26. Water use efficiency (mg COjIz H^O) for warm-dry-calm 
conditions; leaf thickness is expected to significantly 
influence the efficiency at low to moderate (up to 1000 
s/m) leaf resistance to the diffusion of water vapor 
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Figure 27. Water use efficiency (mg CO^/g H^O) for warm-wet-calm con­
ditions; leaf thickness is expected to significantly influ­
ence the efficiency at low to moderate (up to 1000 s/m) 
leaf resistance to the diffusion of water vapor 
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Figure 28. Water use efficiency (mg CO2/0 H2O) for warm-dry-windy 
conditions; model predictions anticipate the often reported 
increase in water use efficiency as stomatal resistance to 
the diffusion of water vapor increases; factors related to 
leaf thickness are significant throughout the expected 
range of natural variation 
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increase in WUE is accompanied by 80% loss in PSN. Since this environ­
mental condition can be common during crop growing season in some 
temperate climates, the effects of thickness shown in Figure 28 are 
considered typical. 
When the leaf response was calculated using higher RH as well as 
the high level wind velocity, effects of the increased RH diminished 
TSF while the leaf temperature remained relatively constant because of 
the higher convection. The WUE was increased by 25% in normal thick­
ness leaves (AR = 14) with low r^ mainly because of the decreased TSP 
(Figure 29). Little change in the overall leaf response pattern was 
found in this condition as compared to the dry and windy conditions 
above. 
Cool climates 
The simulated leaf response to a cool and sunny climate with a 
dry and calm atmosphere was conducted using values of = 15 C, 
9 
Qabs = 900 W/m", RH = 50%, and V = 0.1 m/s. The maximum WUù appeared 
to be located at an r of about 500 s/m for the thickest leaves 
s 
(Figure 30). Because the leaf temperature under this climate was far 
lower than optimum for PSN, increase in T^ due to stomatal closure 
partially compensated the reduction in PSN due to higher r^ to CO^ 
diffusion. The model calculated about 65% reduction in PSN due to a 
tenfold increase in r^ in this condition compared with 70 and 95% re­
duction in two comparable conditions in warm and hot climates, respec­
tively. The effects of thickness were more apparent at lower than 
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Figure 2 9 .  Water use efficiency (mg C02/g H2O) for warm-wet-windy 
conditions; model predictions anticipate the often reported 
increase in water use efficiency as stomatal resistance to 
the diffusion of water vapor increases; factors related to 
leaf thickness are significant throughout the expected 
range of natural variation 
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Figure 30. Water use efficiency (mg CC^/g H2O) for cool-dry-calm 
conditions; model predictions anticipate the often reported 
increase in water use efficiency as stomatal resistance to 
the diffusion of water vapor increases; factors related 
to leaf thickness are significant throughout the expected 
range of natural variation 
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normal thickness region. 
This model shows that WUE may be very high in most cool climates. 
Increasing the RH and thereby reducing Tsp will make it even higher 
WUE (Figure 31). Overall WUE was calculated to be 3 to 5 times higher 
in this cool climate compared to a warm or hot climate. 
Increase in wind velocity from 0.1 to 1.0 m/s under the above 
cool conditions had relatively small influence on evaporative cooling 
(0.6 to 1.4 C). The major effect of the increased wind speed was 
assumed to be a reduced boundary layer thickness, i.e., slight decrease 
in diffusion resistance. The effects of stomatal control and leaf 
thickening was similar to that found above (Figure 32). 
Most windy conditions, except under very hot climate conditions, 
created an almost identical WUE pattern as influenced by leaf thick­
ness and r^, although the values themselves were much higher in cooler 
or wetter climates. The highest WUE value over all climates simulated 
was found under the wet and windy condition in cool climate (63.6 
for the twofold thick leaves with r^ of 1000 s/m. Figure 33). Since 
the high r^ contributed to increase in T^, PSN under this condition 
was not greatly limited because the T^ approached the optimal tempera­
ture in photosynthetic activity. Similar conditions may be found in 
the Midwest during springtime. At that time, crop plants are mostly 
in early vegetative stages with low LAI. Although the light distri­
bution may be ideal for the thickness effect, there may be little if 
any significance of leaf thickness from an adaptive standpoint because 
water loss from the crop during early growth stages may be more 
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Figure 31. Water use efficiency (mg CO. /g  H2O) for cool-wet-calm 
conditions; model predictions anticipate the often reported 
increase in water use efficiency as stomatal resistance to 
the diffusion of water vapor increases; factors related to 
leaf thickness are significant throughout the expected range 
of natural variation 
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Figure 32. Water use efficiency (mg C02/g H2O) for cool-dry-windy 
conditions; model predictions anticipate the often reported 
increase in water use efficiency as stomatal resistance to 
the diffusion of water vapor increases; factors related to 
leaf thickness are significant throughout the expected range 
of natural variation 
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Figure 33. Water use efficiency (mg CC^/g H2O) for cool-wet-windy 
conditions; model predictions anticipate the often re­
ported increase in water use efficiency as stomatal 
resistance to the diffusion of water vapor increases; 
factors related to leaf thickness are significant throughout 
the expected range of natural variation 
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dependent on the evaporation from the bare soil surface than on plant 
water use. Moreover, it might be of no adaptive value to achieve 
high WUE, at the cost of developing thicker leaves, under wet (i.e., 
water abundant) conditions. 
Discussion 
According to the above calculations, thick leaves would be more 
efficient than thin leaves with respect to photosynthetic water use 
in many exposed environments, the exception being hot and calm condi­
tions. The profit from thicker leaves tends to be greater if the r^ 
is small. The stomatal density, and their aperture size, on 
leaf"surface vary with growing conditions and show intraspecific 
variation. However, the minimum r^ values found in cultivated species 
seldom exceed 200 s/m (Kbrner et al., 1979). Hence, the potential 
advantage due to leaf thickness might be expanded to almost every 
crop grown under exposed conditions. Ceulemans et al. (1984) reported 
that stomatal and anatomical characteristics of Populus clones were 
related to place of origin and parentage. Considering an analogy to 
crop species, we may visualize the possibility of crop improvement by 
breeding for thickness. 
If the r^ is sufficiently low (e.g., 100 s/m), the predicted WE 
from a twofold increase in the thickness would range from 23% for a 
hot and calm condition to 43% for the cool and windy conditions 
(Tables 5 and 6). The relative advantages of increased leaf thickness 
appear in this study to be greatest for cool, sunny environments. But, 
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Table 5. Summary of the predicted thickness effect on apparent photo­
synthesis and water use efficiency of leaves with low 
stomatal resistance (100 s/m) in different climates 
Climate 
PSN (mg/ m^ s) WUE (mg COg/g HgO) % 
change 
Normal Thick^ Normal Thick 
Cool-wet-calm 0.843 1.118 39.7 52.7 33 
Cool-wet-windy 0.990 1.404 31.9 45.2 42 
Cool-dry-calm 0.829 1.104 30.6 40.8 33 
Cool-dry-windy 0.972 1.385 23.1 33.0 43 
Warm-wet-calm 0.950 1.195 16.8 21.1 26 
Warm-wet-windy 1.170 1.580 17.4 23.5 35 
Warm-dry-calm 0.948 1,196 14.6 18.5 27 
Warm-dry-windy 1.164 1.575 13.9 18.8 35 
Hot-wet-calm 0.933 1.148 8 . 0  9.9 24 
Hot-wet-windy 1.188 1.567 8.3 11.0 33 
Hot-dry-calm 0.942 1.165 7.4 9.1 23 
Hot-dry-windy 1.190 1.575 7.1 9.4 32 
^Twice as great VR as normal leaves. 
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Table 5. Summary of the predicted thickness effect on apparent photo­
synthesis and water use efficiency of leaves with high 
stomatal resistance (500 s/m) in different climates 
PSN (mg/m s) WUE (mg CO„/g H„0) 
Climate 
Normal Thick^ Normal Thick 
Cool-wet-calm 0. 453 0. 517 46. 8 53. 3 14 
Cool-wet-windy 0. 495 0. 576 51. 9 60. 4 16 
Cool-dry-calm 0. 452 0. 516 36. 8 42. 0 14 
Cool-dry-windy 0. 494 0. 575 38. 4 44. 7 16 
Warm-wet-calm 0. 462 0. 511 15. 7 17. ,3 10 
Warm-we t-windy 0. ,516 0. 581 22. ,4 25. ,2 13 
Warm-dry-calm 0. 462 0. 512 13. ,8 15. ,3 11 
Warm-dry-windy 0. ,516 0. 581 18. ,0 20, ,3 13 
Hot-wet-calm 0. ,358 0. ,332 5, ,3 4, .9 -8 
Hot-wet-windy 0. .498 0, ,551 9 .  ,0 10 .0 11 
Hot-dry-calm 0, .398 0. ,407 5. ,4 5, .5 2 
Hot-dry-windy 0 .499 0, ,554 7 .8 8 .7 12 
^Twice as great VR as normal leaves. 
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cool air temperature reduces evaporative demand due to the exponen­
tially decreasing water holding capacity of the air. This condition 
devaluates the meaning of the high WUE in practice. 
The only climate condition where thick leaves were calculated to 
be a disadvantage was the hot, wet, and calm condition (Table 6). 
Increased maintenance respiration due to the high leaf temperature, 
which exceeds the CO^ gain due to increased amount of photosynthetic 
machinery, may be the reason in this case. This computation was done 
for very bright sun conditions and may not be a factor during much 
of the time for plants in actual hot and still conditions. 
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CONCLUSIONS 
This project began with two ideas of hypothesis: "Increasing 
water use efficiency without decreasing photosynthesis would be one of 
the important attributes to sun-grown thick leaves" was partially 
verified through this study. While most adaptive mechanisms enhancing 
survival in dry conditions tend to decrease the potential productivity 
of plants, leaf thickening increases WUE without decreasing net photo­
synthesis on a leaf area basis. Second, "A leaf should be just as thick 
as it can and still receive sufficient light to illuminate the lower­
most cells under conditions where water may be limiting" was shown to 
be feasible, but this study did not fully test the relationship of 
broad, thin leaves in shaded conditions against a light penetration 
model. 
Thick leaves are common in most exposed environments and normal 
r^ ranges found in both wild and cultivated species. Since the profit 
is greater in leaves with lower r^, and most crop species have been 
selected for lower r^, the impact of breeding for thick leaves may be 
of practical significance. 
Water use efficiency in agriculture is based on production per 
unit land area, not on the leaf area. The canopy WUE based on land 
area may not be a function of the leaf thickness. Furthermore, not 
all leaves are exposed to PAR levels high enough for the thickness 
effect demonstrated here to function throughout a crop canopy. Hence, 
it will be necessary to determine if the advantages of thick leaves at 
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a single leaf level can be extended to crop canopies, and to what 
extent the effect may contribute to the crop water use efficiency and 
productivity. 
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APPENDIX A. HEAT STORAGE IN LEAVES WITH DIFFERENT THICKNESS 
The rate of heat storage can be given by the following equation: 
q = C m dT/dt 
^ m 
where q is the rate of heat storage (J/s), C is the specific heat 
m 
capacity of water (4190 J/kg C), and m is the mass that undergoes a 
change in temperature T. Assuming that an intact living leaf consists 
of 80% of water by weight and 50% of air by volume, the mass per unit 
2 
area of a 0.4 mm thick leaf will be around 0.2 kg/m . If the tempera­
ture of this leaf rises at the rate of 5 C per hour, as expected in 
leaves exposed to full sunlight with little cooling, the rate of heat 
2 
stored by this temperature change will be 1.16 W/m . If a twice-as-
thick leaf experiences the same temperature change, it will store 2.32 
2 
W/m . This value or any differential between thin and thick leaves is 
negligible compared with total absorbed radiation which often exceeds 
2 1400 W/m on sunny days. 
Since the heat capacity of the experimental leaves may vary by a 
factor of 2 between the thick and thin leaves, the assumption of "steady 
state" implies that the increased heat capacity has negligible effect 
on the time for each leaf to equilibrate with its environment within 
the limits of measurement accuracy and observed physiological response. 
For leaves similar to those specified above, a mean increase in leaf 
temperature of 5 C was found, at equilibrium, when they were moved 
from a shaded to an exposed environment. Using the measured values of 
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AQabs = 400 W/m^, = 100 s/m, and V = 1.0 m/s, the time for both 
thin and thick leaves to equilibrate with the new environment was 
calculated. The calculation showed that it would take 10.5 and 21.0 s 
for the thin and thick leaf, respectively, to equilibrate with the 
2 400 W/m increase in Qabs. These values can be regarded as an extreme 
case because actual change in solar irradiance is not normally this 
abrupt in nature. 
Furthermore, thick leaves have been reported to have higher thermal 
conductivity than thin leaves (Vogel, 1984). Considering these factors, 
the time differential for equilibrium due to differential leaf thick­
ness would be much smaller than 10 s in most experimental as well as 
natural conditions. Nobel (1983, p. 341) also showed that the amount 
of energy which could be stored in normal leaves because of change in 
leaf temperature would be far less than 17, of total absorbed radiation. 
It is assumed that no physiological change can be observed for leaf 
temperature changes existing for less than 10 s. 
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APPENDIX B. EFFECT OF DECREASED TRANSMISSION IN VISIBLE 
WAVELENGTH ON LEAF TEMPERATURE 
Average leaf transmittance to visible radiation (400 to 700 nm) 
was estimated to be 0.08 (8%) in a single soybean leaf based on the 
plot 7 in Wooley (1971). In 4 stacked soybean leaves, the transmission 
was virtually zero. Assuming that about 44% of global solar irradiance 
2 (750 W/m , for example) is composed of this wave band (Loomis and 
Williams, 1963), the increased Qabs due to the reduced transmittance 
2 2 
will be (750 W/m x 0.44 x 0.08), or 26.7 W/m . The temperature of a 
2 
single soybean leaf with a Qabs of 1400 W/m , and a stomatal resistance 
of 100 s/m in an ambient condition of T^=30 C, V=1.0 m/s, and RH=50%, 
is computed as 29.4 C using equation 1 (see text). Leaf temperature 
was calculated as 29.5 C for 4 stacked leaves. The error caused by 
thickness at this wave band may, therefore, be neglected. 
A second case may assume that doubling the leaf thickness cuts the 
transmission of visible radiation in half (although the actual effect 
is never this great). Also, the thickness does not affect the reflected 
visible radiation and the absorptance to infrared radiation is unchanged. 
Total Qabs is composed of both solar and long wave radiation. If we 
assume that one-half of Qabs is from the solar radiation, leaf absorp­
tance in solar radiation 0.6, leaf transmittance to visible wavelength 
0.1, and leaf absorptance in visible wavelength 0.85 (Nobel, 1983, 
p. 349-350), the visible portion of the .-.olar radiation incident on the 
same soybean leaf described above may be estimated as 518 W/m by 
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equation 7.3 in Nobel (1983). Hence, Qabs in the visible wavelength 
amounts to (518 W/m^ x 0.85), or 440.3 W/m^. But a twofold thick leaf 
has the absorptance of 0.9 according to the previous assumptions and 
thereby the amount of Qabs in the visible wavelength is estimated as 
2 466 W/m by the same method. Using the Qabs of 1426 rather than 
1400 W/m^, we calculate only 0.1 C differential in calculated T^. 
Again, we may assume that no significant deviation in leaf temperature is 
induced by variation of leaf thickness as used in this study. 
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APPENDIX C. PROGRAM LISTINGS OF THE MODEL 
(Written in Basic for the Apple III with a parallel printer) 
10 TEXT:HOME:PRINT 
20 DIM E(100,8):N=0 
30 N=N+1:READ I:IF 1=99 THEN 60 
40 E(N,1)=I 
50 FOR L=2 TO 8:READ I:E(N,L)=I:NEXT 
55 GOTO 30 
60 PRINT"TRANSFER DONE FOR "N-1" SETS":INPUT"STRIKE ANY KEY";G$ 
63 0PEN//2 AS OUTPUTPARALLEL" 
65 PRINT#2"SET ";"TA ";"RH ";"V ";"QABS ";"D ";"W ";"RS" 
66 PRINT#2 
70 FOR C=1 TO N-1:FOR R=1 TO 8 
80 PRINT#2;E(C,R)" 
90 NEXT R:PRINT#2:NEXT C 
91 PRINT//2 
100 CL0SE#2 
- ************************* ITERATION ******************************* 
125 RESTORE 
140 P=0; P=P+1 
145 IF P=N THEN GOTO 296 
154 SET=E(P,1) 
155 TA=E(P,2):RH=E(P,3):V=E(P,4):QABS=E(P,5):D=E(P,6):W=E(P,7): 
RS=E(P,8) 
160 IF D=W THEN IF D<=G.05 THEN 170:ELSE 175 
165 IF D>W THEN IF D<=0.1 THEN 170:ELSE 175:ELSE 175 
170 K1=11.31:K2=156:G0T0 200 
175 K1=6.98:K2=210 
200 T=TA-5:G0SUB 300 
205 TMIN=T 
210 EMIN=ENBAL 
215 T=TA+10:GOSUB 300 
216 TMAX=T 
220 EMAX=ENBAL 
225 IF EMIN>EMAX THEN 260:ELSE 240 
240 TL=TÎ1A]{-E}1AX*(TMAX-TMIS) / (EMAX-EMIN) :T=TL:GOSBU 300 
250 IF ABS(ENBAL)<0.1 THEN 295:ELSE IF(EMAX*ENBAL)>0 THEN 251:ELSE 252 
251 EMIN=EMIN/2:TMAX=T:EHAX=ENBAL:GOTO 240 
252 TMIN=TMAX:TMAX=T:EMIN=EÎ1AX:EMAX=ENBAL:G0T0 240 
260 T=TA-20:GOSUB 300:EMIN=ENBAL:TMIN=T 
270 T=TA+40:GOSUB 300:EMAX=ENBAL:TMAX=T 
275 IF EMIN>EMAX THEN 280:ELSE 240 
280 T=TA-10:GOSUB 300:EMIN=ENBAL:TMIN=T 
288 IF EMIN>EMAX THEN 290:ELSE 240 
290 PRINT"SET " E ( P , 1 ) "  HAS TL-TA>40":NEXT P 
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295 GOSUB 350:GOTO 146 
296 END 
****************** SUBROUTINE ENERGY BALANCE ********************:' 
305 RAD=5.67E-8*(T+273.15)^4 
306 CONV=K1*(V/D)"0.5*(T-TA) 
307 LE=4190*(595.4-0.55*1) 
308 RA=K2*(W"0.2*D"0.35/V"0.55):RL=RA+RS 
309 DL=EXP(19.7327-4950.5/(T+273.15))-0.01*RH*EXP(19.7327-4950.5/(TA+ 
273.15)) 
310 ETSP=LEm/RL/1000:TSP=DL/RL 
315 ENBAL=2*(ETSP+C0NV+RAD)-QABS 
320 RETURN 
*********************** IMAGE STATEMENT *************************-
331 IMAGE 3#,4X 
332 IMAGE +2#.#,3X 
333 IMAGE +//.3#,3X 
334 IMAGE +3//.#,3X 
*********************** OUTPUT STATEMENT ************************ 
351 '0PEN#1 AS OUTPUT,PARALLEL" :PRINT//1 
352 PRINT#1"SET="SET" ";"TA="TA" ";"RH="RH" ";"WIND="V" ";"QABS="QABS 
";"D="D" ";"W="W" ";"RS="RS" 
353 PRINT//1:PRINT#1 
354 PRINT//1"SET ";"TL ";"PAR "THICK ";"PMIN ";"PMAX 
";"WMIN ";"WMAX" 
355 PRINT#1 
356 IF QABS>=1350 THEN 359:ELSE 358 
358 FOR PAR=40 TO 220 STEP 60:GOTO 360 
359 FOR PAR=200 TO 400 STEP 50 
360 FOR AR=7 TO 28 STEP 7 
365 GOSUB 400 
370 PRINT#1 USING 331;SET; 
371 PRINT#1 USING 332;T; 
372 PRINT#1 USING 331;PAR; 
373 PRINT#1 USING 331;AR; 
374 PRINT#1 USING 333;PMIN; 
375 PRINT#1 USING 333;PMAX; 
376 PRINT#1 USING 334;WMIN; 
377 PRINT#1 USING 334;WMAX 
378 NEXT AR: PRINT#1:NEXT PAR 
379 CL0SE#1 
380 RETURN 
390 REM 
400 ****************** SUBROUTINE PHOTOSYNTHESIS ******************* 
401 T0=303 
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405 HLPS2=-60E3:HHPS2=100E3 
410 TLPS2=275:THPS2=315 
420 HLPS1=0:HHPS1=100E3 
430 TLPS1=273:THPS1=319 
440 HLRUB=-40E3:HHRUB=100E3 
450 TLRUB=288:THRUB=328 
460 HHRSP=90E3:THRSP=323 
470 HLRSP=0:TLRSP=273 
480 R=1.987 
490 RD0=1.496E-4 
500 HCBX=13E3:HOXY=19E3 
510 TL=273+T 
520 RAC=RA*1.34 :RSC=RS*1.56:RL=RAC+RSC 
530 ROPS=1.2E-5 
540 HPS2=20.2E3;HRSP=8E3 
550 CAR=AR*3.4286E-4 
560 PS2=1/(1+EXP(HLPS2/RA(1/TLPS2-1/TL))+EXP(HHPS2/R*(1/THPS2-1/TL))) 
570 PS1=1/(1+EXP(HHPS1/R*(1/THPS1-1/TL))) 
580 EPAR=PS1*PS2''«PAR*R0PS 
590 DEN=1/(1+EXP(HLRUB/R*(1/TLRUB-1/TL))+EXP(HHRUB/R*(1/THRUB-l/TL))) 
600 IF TL<TO THEN DEN=.43*DEN+.57 
610 -KC=33E-3:KO=69E-7 
620 K1=KC*TL/T0*EXP(HCBX/R-' (1/TO-l/TL))*DEN 
630 K2=K0*TL/T0*EXP(HOXY/R*(1/TO-l/TL))*DEN 
640 RD=RD0*TL/T0*EXP(HRSP/RA(1/T0-1/T1))/(1+EXP(HLRSP/R*(1/TLRSP-
1/TL))+EXP(HHRSP/R*(1/THRSP-l/TL))) 
650 M=0 
660 A=-K1*(CAR+1/RL)/(CAR/RL) 
670 B=EPAR+0.62*K1-(RD-EPAR)*K1*(CAR+l/RL)/CAR*RL 
680 0=RD*(EPAR+0.62 *K1)-EPAR*(0.62*K1=2 7 5.6*K2) 
690 IF M=1 THEN 780 
700 PMIN=(-B+(B"2-4*A*0)"0.5)/2/A*1000 
705 WMIN=PMIN/TSP 
710 V=AR*2.14+0.26 
720 VR=V/30 
730 K1=K1*VR 
740 K2=K2*VR 
750 RD=PJ)*VR 
760 M=1 
770 GOTO 660 
780 PMAX=(-B+(B"2-4*A*0)'0.5)/2/A*1000 
785 WMAX=PMAX/TSP 
790 RETURN 
9999 DATA 99 
Sample data statement: Use the following DATA statement for Input if 
you want SET=1, TA=28C, RH=35%, V=1.0 m/s, QABS=1200 W/m^, D=0.08, 
W=0.05, and RS=150 s/m. Note "SET" may be any identifying number less 
than 99. 
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1001 DATA 1,28,35,1,1200,.08,.05,150 
You can put in as many data statements (initial conditions) as you 
want in this way. 
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APPENDIX D. PHOTOSYNTHESIS FORMULA 
The formula used was derived from that given by Charles-Edwards 
(1981) as follows. 
Charles-Edwards expressed the photosynthetic rate per unit volume 
of leaf for C^ plants as: 
P = (-b + (b^ - 4ac)^'^)/2a 
with a = -T(*^ + 
b = a Q + TC - (R_ - a Q) T(^ +()) )/<^ (|) 
m Dm m s m s 
c = R„(''i Q + TC) - a Q(TC - 8K 0) 
Dm m o 
where P is the photosynthetic rate per unit volume of leaf, R^ is the 
dark respiration rate per unit volume of leaf, is the light utiliza­
tion efficiency of gross photosynthesis (P^), T is the maximum 
carboxylation efficiency for P^, g is the maximum oxygenation efficiency 
for photorespiration (R^), is the mesophyll diffusion constant for 
CO^, Çg is the stomatal diffusion constant for CO^, is the ratio of 
O2 influx to outflux coefficients between intercellular air space and 
photosynthetic sites, C is ambient COg concentration, and 0 is ambient 
0^ concentration. 
The rate of net photosynthesis per unit leaf area was given by: 
PSN = P h 
where PSN is the photosynthetic rate per unit leaf area and h is the 
leaf thickness. The expression which was used in this study was 
Ill 
obtained by replacing the parameters <fi^, x, 3K^ and with the 
products h({) (=g ), h(j) (=g ), hi (=k ), hgK (=k ) and hR (=R ), and the 
s s mm 1 o I Dd 
variable Q by the incident flux density of PAR, I. These transforma­
tions were made according to the instructions provided by Charles-
Edwards on page 24 of his book. 
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APPENDIX E. ESTIMATION OF TOTAL RADIATION 
ABSORBED BY A LEAF 
Absorbed radiation (Qabs) consists of short wave and long wave 
radiation components. This was approximated (Nobel, 1983) as: 
Qabs = a^(l+r)I^ + a^a(Tsky^ + Tsurr^) 
where I^ is the pyranometer reading at the leaf position, a^ is the 
short-wave absorptivity of the leaf, a^ is the long-wave absorptivity 
of the leaf, Tsky and Tsurr are the temperatures of sky and surround­
ings , r is the average reflectivity of the surroundings in short-wave 
(albedo), and a is the Stefan-Boltzmann constant (5.67x10 ^ W/m^ K^). 
The leaf chamber was made of plexiglass which does not permit signifi­
cant long wave transmission except the top portion, which was made of 
thin polythene film with the emissivity of near 0. Assuming that a 
leaf within the chamber has a viewfactor of 0.6, the formula was modi­
fied as: 
Qabs = a(l+r)I 4 a, o(1.4T^ + 0.6T^ ) 
si bottom top 
where T, is the chamber temperature which was assumed to be the 
bottom 
air temperature inside the chamber, and T is the roof temperature 
top 
of the greenhouse. When I used a =0.6, a =0.96, r = 0.25, T = 29 C, 
s 1 top 
2 
and I^ = 750 W/m , the total absorbed radiation by a leaf located in a 
2 
chamber of 35 C was estimated as 1520 W/m . If the upper surface of 
2 
the chamber were at s = 1.0, the calculated Qabs would be 1540 W/m . 
The chamber was considered to have e = 1.0 during this study. 
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APPENDIX F. PROGRAM LISTINGS AND A SAMPLE OUTPUT 
OF RANDOM LINE PLOT 
$JOB 
INTEGER I 
CALL PLOTS(0,0,31) 
IX=2860351 
JX=1453779 
KX=9451985 
CALL PL0T(6.0,2.0,-3) 
DO 100 1=1,500 
CALL RANDU(IX,IY,RND) 
IX=IY 
X1=RND*5.91 
CALL RANDU(JX,JY,RND2) 
JX=JY 
Y1=RND2*5.91 
CALL PLOT(XI,Yl,3) 
CALL RANDU(KX,KY,RND3) 
KX=KY 
Q=RND3*360.0 
X2=0.2756*COS(Q)+X1 
Y2=0.2756*SIN(Q)+Y1 
, CALL PL0T(X2,Y2,2) 
100 CONTINUE 
CALL PL0T(6.0,-2.0,999) 
STOP 
END 
$ENTRY 
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Figure F-1. Sample output of random line plot generated from FORTRAN 
IV on an AS-6 computer utilizing a zeta plotter 
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APPENDIX G. REGRESSION OF THE TWO GEOMETRIC PARAMETERS 
OF MESOPHYLL CELLS TO LEAF THICKNESS 
The two parameters (AR and VR) were regressed to the total leaf 
thickness (TK) which was measured on a projected screen and plotted in 
Figure G-1. The linear regression equations fitted were: 
AR = 3.4370 + 0.0397 TK (r^=0.5), VR = 7.2690 + 0.0839 TK (r^=0.6) 
for the third leaves of Amsoy; 
AR = 2.2709 + 0.0285 TK (r^=0.61), VR=5.6682 + 0.0712 TK (r^=0.68) 
for the fourth leaves of Amsoy; and 
AR = 3.7283 + 0.0543 TK (r^=0.77), VR= 12.1333+0.1766 TK (r^=0.75) 
for the third leaves of velvetleaf plants. 
I would suggest that the relationship of thickness to AR and VR 
may be useful if it is determined for each species or cultivar and 
for the point of leaf insertion in the plant. It appears to be un­
satisfactory for most purposes to give a general formula relating 
thickness of the leaf to the internal leaf area (AR) or cell volume 
(VR). 
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Figure G-1. Relationships between the two geometric parameters of mesophyll tissues and the 
leaf thickness measured on the leaf preparation; tliird leaves of velvetleaf (x), 
third trifoliolates (•), and fourth trifoliolates (o) of Amsoy plants 
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APPENDIX H. APPROXIMATION OF THE RANGE OF LONGWAVE AND 
SHORTWAVE RADIATION ABSORBED BY LEAVES 
Assuming clear sky and high solar altitude, the incident solar 
2 
radiation at a leaf could be 950 W/m . The range of solar absorp-
tances of plant leaves was reported to be between 0.389 (yellow cotton-
wood leaves) and 0.672 (lichen) in nature (Gates, 1980). Solar 
reflectivities of plant and soil surfaces can vary from 0.05 (green 
crops) to 0.3 (light soil) (Nobel, 1983). Using these values and the 
formula given in Appendix E, the minimum and maximum values of absorbed 
2 
solar radiation were calculated as 388 and 830 W/m , respectively. 
•Under the same conditions, sky temperatures (apparent blackbody 
radiation temperature) can be -10 to -15 C (Dr. S. E. Taylor, Dept. of 
Agronomy, Iowa State University, personal communication). Longwave 
absorptances of plant leaves could vary from 0.95 to 0.97 (Gates, 
1980). Using these values and the formula given in Appendix E, the 
minimum and maximum values of absorbed longwave radiation was estimated 
2 
to be 584 and 791 W/m , respectively. 
